Introduction
Today, hematopoietic stem and progenitor cells (HPCs) are used for transplantation of malignant and non-malignant disorders, in regenerative medicine, and in gene therapy. For the success of these therapies, the motility of HPCs is essential determining their migration to the bone marrow or to other tissues of interest. Thus, deciphering mechanisms that regulate HPC motility may be of interest to improve HPC transplantation and regenerative medicine [1] [2] [3] .
It is well established that conditioning chemotherapy and repeated administration of granulocyte colony-stimulating factor (G-CSF) induce HPC mobilization. One important regulatory mechanism inducing this HPC mobilization is the activation of neutrophils and increased release of neutrophil proteases. These proteases were shown to shed and release membrane-bound stem cell factor (SCF), activate and degrade adhesion molecules such as VLA-4, P-, and E-selectins, and induce inactivation of the chemokine CXCL12 (stromal cell-derived factor-1; SDF-1) [4] . Cycles of activation, inactivation, and degradation of these bone marrow components by proteolytic enzymes, also including CD26 and various matrix metalloproteinases (MMPs), induce a clinically relevant HPC mobilization [5] . Inversely, homing and engraftment ofthat they may act indirectly by first stimulating mature cells in the bone marrow, which further interact to mobilize HPCs from bone marrow to blood [9] .
We have previously described the isolation of the chemokine CCL15 (HCC-2, MIP-5, Lkn1) from human plasma, which is Nterminally processed and activated by the neutrophil proteases cathepsin G and elastase. This low-molecular-weight(LMW)-CCL15 form primarily acts on monocytes [10] . However, CCL15 and its murine orthologue CCL9 were recently found to be of significance for recruitment of CD34+ Gr-1-immature myeloid cells into colon cancer metastases, indicating that CCL15 also acts on HPCs [11] [12] [13] [14] .
We here show that LMW-CCL15 plasma concentrations are increased in healthy stem cell donors and diseased patients treated with G-CSF. The impact of CCL15 was investigated in murine HPCs, building the basis for further investigation in different stem cell transplantation and regenerative medicine models with nonimmunocompromised mice [15] [16] [17] . The N-terminally truncated form of CCL15 acts on HPCs by amplifying CXCL12-induced transwell migration and directly inducing integrin-mediated adhesion. Furthermore, we show that truncated but not full-length CCL15 modulates CFU-A colony formation and improves competitive repopulation of HPCs. Thus, CCL15 provides means to modulate adhesion/migration of HPCs with the potency to improve HPC regeneration in stem cell transplantation or regenerative medicine.
Material and Methods

Determination of Chromatographic Retention Time for CCL15 Immunoreactivity in Blood Plasma
The chromatographic retention time (t R ) for CCL15 immunoreactivity (CCL15-IR) was determined as recently described [10] . Shortly, t R of CCL15-IR material was determined using a standard chromatography method. Chromatography was performed on a preparative reverse phase (RP) HPLC, 250 mm × 10 mm inner diameter (Source RPC15; Pharmacia, Stockholm, Sweden). The separations were performed at a flow rate of 2.5 ml/min using a linear binary gradient of 100% solvent A (0.1% v/v trifluoroacetic acid (TFA)) to 60% solvent B (100% acetonitrile and 0.1% v/v TFA) in 60 min and from 60% solvent B to 100% solvent B in 5 min. One fraction was collected each minute, starting at minute 20 of the chromatography. The fractions obtained were analyzed by CCL15 radioimmunoassay (RIA). CCL15-IR in human plasma was identified after chromatography of 1.5 ml of plasma. The lower detection limit of the CCL15 RIA was 5 pg/tube.
Peptide Synthesis CCL15(27-92) was prepared by F-moc solid-phase peptide synthesis as described previously [18] . The purified products were characterized by HPLC, capillary zone electrophoresis, electrospray mass spectrometry (ESMS), and sequence analysis. The net peptide content was determined by amino acid analysis.
Migration and Adhesion Assays
For transmigration experiments, migration medium (Iscove's Modified Dulbecco's Medium (IMDM; Life Technologies) supplemented with 0.2% BSA, penicillin/streptomycin and variable concentrations of CXCL12) was added to the lower wells of 96-well chambers (NeuroProbe, Gaithersburg, MD, USA). Filters with a pore size of 5 μm were mounted, and the upper wells were filled with 20,000 Lin-/Sca1+ cells in migration medium in the presence or absence of CCL15. After 6 h in a humidified incubator at 37 ° C, assays were stopped by removing the medium from the upper wells and carefully removing the filters. Cells in the lower well were counted by determining the DNA amount using the CyQuant cell count assay (Molecular Probes; Life Technologies, Carlsbad, CA, USA). FDCP-mix HPCs were maintained in IMDM/20% horse serum substituted with 20 ng/ml rmIL-3 (R&D Systems, Wiesbaden, Germany). For adhesion assays, 10 5 FDCP-mix or freshly isolated bone marrow Lin-cells were allowed to rest for 3 min on a laminar flow chamber slide (μ-slide, ibiTreat; IBIDI Systems, Munich, Germany) mounted on an inverted microscope. Slides were pre-coated with 2 μg/ml rm Ig-VCAM-1 fusion protein (R&D Systems). Subsequently, HBSS/0.1% BSA (pre-warmed to 37 ° C) was flushed through the chambers at the indicated calculated shear stresses, with increases in steps between 0.35 and 15 dyn/cm 2 every 30 s. Images were taken, and the adherent cells were counted in four fields for every condition.
Cell Isolation
For CFU-A assays, bone marrow was obtained from 8-to 12-week-old female B6D2F1 mice (Charles River Laboratories, Sulzfeld, Germany) that had been subcutaneously treated with 60 mg/kg phenylhydrazine at 7, 6, and 4 days prior to sacrifice. Lin-or Lin-/Sca1+ cells were prepared from bone marrow cells of 6-to 10-week-old C57BL/6 mice (Charles River Laboratories) treated with 150 mg/kg 5-Fluorouracil (5-FU) 5 days prior to sacrifice. Femurs were flushed with IMDM. Bone marrow cells were incubated with monoclonal antibodies against Mac-1, Gr-1, TER 119, B220, CD4 and CD8, and subsequently labeled with magnetic beads coupled to secondary anti-rat IgG antibody and passaged over MACS-type CS columns according to the manufacturer's instructions (Miltenyi Biotec, Bergisch-Gladbach, Germany). The Lin-enriched cells were stained with FITC-conjugated LY-6A/E monoclonal antibody E13-161.7 (BD Pharmingen TM ; BD Biosciences, Heidelberg, Germany), phycoerythrin counterstained using antibodies against Mac-1, Gr-1, TER 119, B220, CD4, and CD8, and sorted for Lin-/Sca1+ cells on FACSAria (BD Biosciences). Sca1+ cells represented 3-5% of Lin-cells; upon reanalysis, the purity of Lin-/ Sca1+ cells was 87-92%.
CFU-A Assay
Aliquots of 5 × 10 4 bone marrow cells isolated from regenerating bone marrow were incubated in 0.3% agar suspended in IMDM supplemented with 10% fetal calf serum (FCS) (GE Healthcare Life Sciences HyClone Laboratories, South Logan, UT, USA), 250 pg/ml murine GM-CSF, and 100 U/ml human M-CSF (R&D Systems). CCL15(1-92) (Bachem Biochemica, Heidelberg, Germany), CCL15(27-92), or CCL3 (R&D Systems) were added to the cell suspensions before plating. In some experiments, Lin-/Sca1+ bone marrow cells purified from regenerating bone marrow were used. Culture dishes were incubated in a humidified atmosphere containing 5% CO 2 , 95% air for 11 days. Colonies were subsequently stained with 0.8 mmol/l p-iodonitrotetrazolium violet (Sigma, Munich, Germany), and colonies with an overall diameter equal to or greater than 2 mm were scored as CFU-A [19] .
Cell Cycle Status
For cell cycle analysis bone marrow was obtained from 6 to 10-week-old female C57BL/6 mice that had been intraperitoneally treated with 150 mg/kg 5-FU 5 days prior to sacrifice. Bone marrow was obtained from 4 mice and pooled. Aliquots of 1 × 10 6 bone marrow cells were treated with either 1,000 ng/ml CCL15(1-92), CCL15(27-92), CCL3 or phosphate-buffered saline (PBS) as controls for 6 h at 37 ° C. Subsequently cells were washed with PBS/0.5% BSA. The bone marrow cells were stained with PeCy7-CD177 (clone: ACK2; eBioscience, San Diego, CA, USA) and PE-Ly-6A/E (clone: E13-161.7, BD Biosciences), and fixed and permabilized with Fix/Perm Diluent/Fix Perm Concentrate (3: 1; eBioscience). Next, cells were stained with eFluor450-Ki-67 (clone: SolA15, eBioscience), washed, and finally stained with APC-lineage Antibody Cocktail (BD Biosciences). After RNase digestion (25 μg RNaseA/ml permeabilization buffer (eBioscience), 500 μl/sample, 37 ° C, 30 min) cells were stained with 7-AAD for 10 min and immediately measured by FACS.
Competitive Hematopoietic Repopulation in Mice
Bone marrow cell suspensions were prepared from C57BL/6 CD45.1 and CD45.2 mice (Charles River Laboratories) as single cell suspensions by rinsing through 23G needles. Freshly isolated CD45.1 bone marrow cells were suspended at 5 × 10 6 /ml in IMDM/10% FCS and pre-treated with 3,000 ng/ml CCL15(1-92), CCL15(27-92), or PBS as controls for 30 min, washed twice by centrifugation in PBS, and counted. 2 × 10 6 cells were injected intravenously into 8.5 Gy pre-irradiated BL6 CD45.2 recipient mice, together with 5 × 10 6 freshly isolated but untreated CD45.2 bone marrow cells. Regeneration of CD45.1 and CD45.2 repopulating cells was determined 4-5 weeks later by flowcytometric analysis of bone marrow cell suspension using phycoerythrin-conjugated anti-Ly 5.1 (clone A20) and FITC-conjugated anti-Ly5.2 (clone 104) antibodies (BD Biosciences).
Statistical Analysis
Data were compared by the two sided, paired Student's t test, and p values < 0.05 were considered to be significant.
Results
CCL15 Plasma Concentrations in G-CSF-Treated Stem Cell Donors
To differentiate CCL15(1-92) and N-terminally truncated CCL15 isoforms in blood, a standardized RP chromatographic method was used [10] . The CCL15-IR elution profile from plasma of G-CSF-treated stem cell donors obtained during leukapheresis revealed a peak with a t R of 37 min and a peak with a t R of 49-50 min. The t R of resynthesized CCL15(27-92), CCL15(24-92) and CCL15(1-92) were 36, 38 and 51 min, respectively ( fig. 1 ). Recently, we could show that CCL15-IR detected with a t R of 37 min represents N-terminally truncated CCL15 isoforms (LMW-CCL15-IR), whereas CCL15-IR with a t R of 51 min represents CCL15(1-92) (high-molecular-weight CCL15-IR (HMW-CCL15-IR)) [10, 20] . This strongly suggests that early eluted CCL15-IR material is proteolytically processed CCL15. The detected plasma concentration of HMW-CCL15 is 9,2 ± 0,9 ng/ml in G-CSF-treated patients, 8,8 ± 0,5 ng/ml in G-CSF-treated stem cell donors, and 10,0 ± 2,2 ng/ml in untreated volunteers. The plasma concentration of LMW-CCL15 in G-CSF-treated stem cell donors is 1.1 ± 0.1 ng/ml, and 0.4 ± 0.1 ng/ml in untreated volunteers (p = 0.02).
CCL15 Increases Migration and Adhesion of HPCs
To date, CXCL12 has been described as the main potent inducer of HPC migration and adhesion. When CCL15(1-92) or CCL15(27-92) was placed into the upper wells of a transwell chamber, CXCL12-induced transmigration of murine Lin-/Sca1+ HPCs was significantly enhanced ( fig. 2 ), indicating that both CCL15(1-92) and CCL15(27-92) amplify the CXCL12-induced HPC migration. CCL15(27-92) revealed a higher efficacy to increase the CXCL12-induced transmigration (increase of 91 ± 24%) compared to CCL15(1-92) (increase of 51 ± 5%).
CXCL12 has been ascribed a role in inducing shear stress-dependent adhesion of HPCs to integrin ligands [21] . We therefore asked whether CCL15 could also stimulate adhesion of HPCs to the integrin ligand VCAM-1. We employed a shear stress-dependent adhesion assay using a parallel plate flow chamber on immobilized VCAM-1-Fc, the ligand for the HPC homing molecule VLA-4/integrin α4β1. FDCP-mix cells or bone marrow-derived HPCs were allowed to settle on VCAM-1 for 3 min in the presence or absence of immobilized chemokines CXCL12 or CCL15 . Then, stepwise increasing shear forces were applied. As shown in figure 3A and B, CXCL12 effectively strengthened adhesion of both FDCP-mix and Lin-bone marrow HPCs to VCAM-1. Although somewhat less effective, CCL15(27-92) also significantly strengthened VCAM-1-induced adhesion on Lin-bone marrow HPCs and on FDCP-mix cells. Also CCL15(1-92) improved the adhesion of Lin-bone marrow HPCs to VCAM-1. A global comparison of adhesion strengthening, considering the results for all shear stresses, showed a significantly increased adhesion of HPCs induced by CXCL12, CCL15 , and CCL15(1-92) by 49.5 ± 16.5%, 33.3 ± 8.7%, and 24.5 ± 9.3%, respectively (control vs. CXCL12: p < 0.0001; control vs. CCL15(27-92): p < 0.0001; control vs. CCL15(1-92): p < 0.0001). In addition, on FDCP-mix cells global comparison revealed a significant increase of adhesion strengthening induced by CXCL12 (45.1 ± 14.8%; p < 0.0001) and CCL15(27-92) (19.2 ± 3.6%; p < 0.0001). For CXCL12, a significant increase of adherent Lin-HPCs was found at almost all tested shear forces, whereas CCL15(27-92) significantly strengthened adhesion of HPCs at low shear force rates up to 8 dyn/cm 2 and revealed a tendency to increase VCAM-1-induced adhesion at 15 dyn/cm 2 (p = 0.09).
The pre-incubation of HPCs with pertussis toxin, which is known to disrupt Gα i -dependent signaling, suppressed the adhesion induced by CCL15(27-92), as did pre-incubation of HPCs with NSC23766, an inhibitor of the Rac small GTPases (fig. 3C ). Taken together, these data show that CCL15 induces shear stressdependent adhesion of HPCs, and suggest that a Gα i -mediated, Rac-dependent signaling process is involved in CCL15(27-92)-induced integrin activation and shear stress-resistant adhesion in HPC. 
CCL15(27-92) Modulates CFU-A Colony Formation
Since the structurally related chemokine CCL3 was shown to modulate CFU-A colony formation, we tested CCL15 in the CFU-A from murine whole bone marrow and Lin-/Sca1+ enriched bone marrow cells [21] . Pre-incubation with either CCL3 or CCL15(27-92) dose-dependently suppressed the formation of >2 mm colonies from whole bone marrow ( fig. 4A ). As shown in Fig. 4B, CCL15(27-92) , but not its full-length form CCL15(1-92), potently reduced CFU-A colony growth from whole bone marrow. Similarly, CCL15(27-92), but not CCL15(1-92), also suppressed CFU-A colony formation from Lin-/Sca1+ enriched bone marrow cells ( fig. 4C ).
Cell Cycle Analysis
The impact of CCL15(1-92) and CCL15(27-92) on the cell cycle of murine HPCs was tested with regenerating bone marrow of female C57BL/6 mice that had been subcutaneously treated with 150 mg/kg 5-FU. In the performed experiments, Lin-HPCs, the Lin-/ Sca1+, and the KLS cells did not reveal a reduced cell cycling activity after treatment with CCL15(1-92) and CCL15 (27- 92) (fig. 5) . Fig. 4 . The effect of CCL15 on CFU-A colony formation. CFU-A assays were performed with murine bone marrow cells in the presence of 250 pg/ml mouse GM-CSF and 100 U/ml human M-CSF. A CFU-A colony formation (> 2 mm diameter) in the presence of various concentrations of CCL15(27-92) or CCL3 after seeding 50,000 whole bone marrow cells. B CFU-A colony formation in the presence of 1,000 ng/ml CCL15(27-92), its precursor, 1,000 ng/ml CCL15(1-92) after seeding 50,000 whole bone marrow cells and C after seeding of 5,000 Lin-/Sca1+ enriched cells. CCL3 was added at 10 ng/ml in (B). Each bar represents the mean ± SD of triplicate determinations. Data from one of three representative experiments are shown. * p < 0.05 vs. control, ** p < 0.01 vs. control; ++ p < 0.01 vs. CCL15(1-92). and cell cycle of Lin-, Lin-/Sca1+, and KLS cells. Treatment of regenerating bone marrow from C57BL/6 mice with CCL15(1-92), CCL15(27-92), or CCL3 revealed no change in cell cycle of Lin-or KLS cells. Bone marrow was treated with 1,000 ng/ml CCL15(1-92), 1,000 ng/ml CCL15(27-92), or 1,000 ng/ml CCL3 for 6 h, and subsequently the cell cycle status of (A) Lin-, Lin-/Sca1+, and (C) KLS cells was analyzed.
Fig. 5. CCL15(1-92) and CCL15
Induction of Increased Donor-Type Hematopoietic Repopulation in Mice by Pre-Incubation of Bone Marrow Cells with CCL15
The ability of CCL15 to modulate SDF-1/CXCL12-dependent migration of HPCs, and to induce integrin-mediated adhesion led us to test for its ability to improve regeneration behavior of transplanted HPCs after pre-treatment with CCL15 . Bone marrow cells of Ly5.1 mice were exposed to both CCL15 isoforms for 30 min and intravenously transplanted with congenic Ly5.2 competitor cells. Three weeks later, regeneration of donor and recipient cells was analyzed by flow cytometry. This revealed a significant, approximately 50% increased content of Ly5.1 cells derived from the CCL15(27-92)-exposed cells compared to controls ( fig. 6 ). CCL15(1-92) only partly induced this effect, which did not reach statistical significance.
Taken together, our results show a significant impact of the truncated form of CCL15, CCL15 in both in vitro and in vivo behavior of HPCs.
Discussion
Our study shows increased plasma concentrations of LMW-CCL15 in stem cell donors treated with G-CSF. The presence of activated CCL15 in blood plasma of stem cell donors is in accordance with the increased activation of neutrophils induced by the G-CSF treatment. G-CSF treatment strongly induces proliferation and activation of neutrophils with the release of the serine-proteases elastase and cathepsin G [22, 23] , which were shown to activate CCL15 [10] . In recent investigations, we could demonstrate that LMW-CCL15 represents N-terminally truncated CCL15 isoforms with an increased potency to induce adhesion and chemotactic migration of monocytes. In the standardized chromatographic method [10] , LMW-CCL15 in plasma of the G-CSFtreated stem cell donors and patients eluted with a t R of 37 min, which resides between the elution time of CCL15(27-92) (t R of 36 min) and CCL15(24-92) (t R of 38 min). This divergence may be correlated to additional C-and N-terminally processed CCL15 forms, taking place in the presence of neutrophils. In a recent study we could show that, in addition, neutrophils generate CCL15(22-92), CCL15(24-91), CCL15 , and CCL15(29-92). These different isoforms slightly vary in the hydrophobic and hydrophilic amino acid composition, which may explain the divergence in the elution time. Importantly, all the identified resynthesized CCL15 isoforms generated by neutrophils as well as neutrophil supernatants incubated with CCL15(1-92) were shown to generate calcium flux and chemotactic migration of monocytes and CCR1-transfected cell lines [10, 24] , suggesting that processing of CCL15 by neutrophils in vivo will cause an activation of CCL15 and is biologically relevant [10, 25] .
Although the concentration of activated LMW-CCL15 in plasma does not reach functionally active concentrations, local concentrations at the endothelium may be significantly higher. Our recent results suggest that activation of CCL15 is a quantum proteolytic event taking place in the close proximity of activated neutrophils which may cause biological relevant CCL15 concentrations before the active CCL15 is diluted in the blood plasma and eliminated due to a short half-life, which was suggested for CCL15 and for other chemokines [20, 26, 27] .
Functional analysis CCL15 was performed with murine HPCs, in order to build the basis for further investigations in different stem cell transplantation and regenerative medicine models with non-immunocompromised mice [15] [16] [17] . There are a number of facts indicating that mouse models are sufficient to perform an initial preclinical evaluation of CCL15. In mice, the orthologue for CCL15 is CCL9. Both chemokines reveal structural and functional similarities. Both CCL9 and CCL15 possess an additional N-terminal domain of 16-20 amino acids and two additional precisely positioned cysteines that form a third disulfide bridge. They are ligands for the CCR1 receptor and circulate in blood plasma, and proteolytic processing of the N-terminus of both chemokines significantly increases their biological potency [14, 20, 25] . On HPCs both were shown to act on immature myeloid cells [11, 28, 29] .
To investigate if activated CCL15 affects HPCs, we first assessed the role of CCL15 in regulating adhesion and migration. Few chemokines have been described to induce robust migration and adhesion responses in HPCs. Most of these results have been obtained with CXCL12, which acts mainly through the CXCR4 receptor. However, mature monocytes or granulocytes can be induced to migrate in chemotaxis assays by several other chemokines including CCL15 (monocytes) or IL-8 family chemokines (granulocytes). We found that CCL15 acts on HPCs, in which it can directly activate adhesion in approximately half of the cells that are recruited by an optimal concentration of CXCL12. The difference in CXCL12-and CCL15(27-92)-induced adhesion strengthening and the predominant increase of adhesion strengthening at low shear force rates induced by CCL15(27-92) may be correlated to a different expression of the corresponding receptors CXCR4 (CXCL12) and CCR1 or CCR3 (CCL15), with a dominant mRNA expression found for CXCR4 in human and murine HSC [30] . In addition, CCR1, CCR3, and CXCR4 are expressed on different HPC populations. In humans, high CXCR4 expression is found in Lin-cells and in the CD34+/CD38-/Lin-and CD34-/CD38-/Lin-subpopulations [31, 32] which are enriched for cells with repopulating ability, demonstrating that CXCL12 is important for primitive hematopoietic cells [33] [34] [35] [36] [37] . CCR3 is expressed in CD34+ progenitors which develop into eosinophils and support the migration of CD34+ progenitors to the site of allergic inflammation [38] [39] [40] . CCR1 is expressed in approximately 30% of human CD34+ bone marrow cells [41] , whereby granulocyte/macrophage progenitors are primarily positive for CCR1, [42, 43] . But CD34+/CCR1+ cells also reveal the capacity to induce high levels of engraftment in NOD/SCID mice, indicating that CCR1+ HPCs also contain more primitive HPCs [33, [44] [45] [46] .
Adhesion activation by CCL15 is mediated by Gα i , since pretreatment with pertussis toxin strongly interfered with the ability of CCL15 to induce increased HPC adhesion. Similar findings have been made for substances that act through membrane-bound G protein-coupled receptors. The observed inhibition of CCL15-induced HPC adhesion by the Rac-specific inhibitor NSC23766 suggests that CCL15 acts by stimulating the Rac GTPase pathway, which has been shown to play a key role not only in CXCL12-induced migration and CXCL12-mediated adhesion of HPCs [47, 48] . In contrast to our adhesion assay results, where CCL15 acted alone, we did not detect activation of chemotactic migration of HPCs by CCL15 alone. Since a cooperation of CCR1 and CXCR4 ligands has been shown in monocyte chemotaxis [49] , we tested whether CCL15 increases CXCL12-induced chemotaxis of HPCs. In these assays we could clearly show that CCL15 amplifies the CXCL12-mediated migration of highly purified Lin-/Sca1+ HPCs, pointing to a direct effect of CCL15 on these cells. Notably, both CCL15(27-92) and CCL15(1-92) revealed a significant cooperation with CXCL12 in the chemotaxis assays, whereby CCL15(27-92) displayed a tendency for a stronger CXCL12-cooperating activity. This finding is in accordance with chemotaxis assays performed with monocytes, in which CCL15(1-92) revealed a significant chemotactic activity, whereas this isoform revealed only a marginal calcium mobilization activity [10] .
Next, we investigated the impact of CCL15 on colony growth in the CFU-A assay, an assay which was shown to be modulated by CCL3. We found that CCL15(27-92) significantly reduces the formation of macroscopic colonies with diameters > 2 mm (CFU-A colonies), whereas the growth of smaller colonies was not affected by CCL15. It was shown by Pragnell et al. [21, 50] that CFU-A colonies are formed by more primitive HPCs which reveal the capacity to repopulate the bone marrow of lethally irradiated mice. This reduced growth of colonies with a diameter > 2 mm may be correlated with altered adhesion and migration properties of the cells forming the colonies, and with inhibition of their cell cycling. Although HPC cell cycling inhibition by CCL15 with myeloprotective potential was postulated by Kim et al. [28] who intavenously injected CCL15 into mice, we could not detect inhibition of cell cycling by CCL15 in liquid cultures. The result in liquid culture is also contradictory to own results obtained with CFU-A assays and CFU-S assays using cell cycle blockade by cytosine arabinoside in the presence and absence of CCL15 isoforms (data not shown). However, recent research demonstrates that HPCs are maintained in niches, suggesting that direct cell contact is of importance to regulate stem cell proliferation and to protect from differentiation and from loss of stemness by induction of quiescence in a process regulated by CXCL12 [51] . HPCs leaving the niche enter into the transitional amplifying pool of committed progenitors [52] . Thus, it is possible that in the animal models, and in the in vitro assays, the cell cycle is modulated secondary to changed adhesion mechanisms and due to cell-cell contacts.
Although the CFU-A assay does not allow to differentiate into further colony formations other studies showed growth suppression of granulocyte-erythroid-megakaryocyte-macrophage (CFU-GEMM) colonies, granulocyte-macrophage (CFU-GM) colonies, and erythroid (BFU-E) colonies from multipotential cord blood CD34+ cells as well as human bone marrow cells [53, 54] . These results are in accordance with our results on CFU-C assays performed with CD34+ human bone marrow cells. We identified a 80% reduction of CFU-C (CFU-M, CFU-GM, CFU-G) in the presence of CCL15(27-92) (data not shown) which is in accordance with results in our CFU-A assays. CFU-A colony growth is dependent on the combination of the cytokines granulocyte-macrophage colonystimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF): M-CSF regulates the survival, proliferation, and differentiation of mononuclear phagocytic cells and is the primary regulator of mononuclear phagocyte production [55, 56] , and picogram concentrations of GM-CSF enhance the responsiveness of HPCs to M-CSF [57] , indicating that CFU-A cells are derived from HPCs which primarily develop into mononuclear phagocytic cells. However, the combination of the cytokines M-CSF and GM-CSF was shown to support to grow colonies from more primitive HPCs with increased replating efficacy of HPCs [21, 58] , also suggesting that CCL15 regulates more primitive HPCs.
The results of the CFU-A assays show that relatively higher concentrations of CCL15 ) are needed to achieve activity comparable to that of CCL3, but that CCL15(27-92) suppresses CFU-A colony formation to the same degree as CCL3. This could be attributed to different affinities of CCL15 and CCL3 to the murine CCR1 or CCR3 receptors, or to the ability of CCL3 to stimulate more chemokine receptors at the same time, e.g., both chemokines activate the CCR1 and CCR3 receptors, but only CCL3 stimulates CCR4 and CCR5 [59, 60] .
To our knowledge, this is the first report showing that activation of CCL15 takes place during human stem cell mobilization and that CCL15 modulates HPC adhesion and migration as well as growth of CFU-A colonies in vitro, and reveal the capacity to improve regeneration of HPCs. In this context, the proteolytic activation of CCL15 by neutrophil serine proteases, which we have described previously, could lead to enhancement of CXCL12-directed migration and the strengthening of HPC adhesion to endothelial ligands such as VCAM-1, which have all been shown to be centrally involved in the regulation of HPC mobilization. Thus, CCL15 provides means to modulate adhesion/migration of HPCs with the potency to improve HPC regeneration in stem cell transplantation and regenerative medicine. Further investigations are warranted to evaluate if CCL15 acts on primitive, long-term regenerating HPCs or exclusively improves regeneration of lineage-specific progenitors.
